Diffuse large B cell lymphoma (DLBCL) is the most common subtype of B cell non-Hodgkin's lymphoma (NHL), encompassing 30-40% of the estimated 70,000 cases of NHL in 2014 in the USA. Despite major improvements with immune-chemotherapy, the fraction of patients who still succumb to a refractory or relapsed disease remains high. This review addresses whether the better understanding of the biology of DLBCL defines new therapeutic avenues that may overcome the emerging resistance of this disease to traditional immune-chemotherapy, such as rituximab in combination with traditional chemotherapy agents. Emerging targeted therapy for relapsed refractory DLBCL encompasses more complex molecular abnormalities involving signaling pathways other than NF-B as mechanism of resistance to immune-chemotherapy. Our review suggests that NF-B pathway is an important crossroad where other pathways converge as phenotype of resistance that emerges in patients who fail frontline and salvage immune-chemotherapy. Future efforts should aim at targeting the role of NF-B resistance in clinical trials, where novel agents like lenalidomide and proteasome inhibitors with established activity in this perspective will be an important component in combination therapy, along with new monoclonal antibody, BTK-inhibitors, and other novel therapy agents.
Introduction
Diffuse large B cell lymphoma (DLBCL) is the most common subtype of B cell non-Hodgkin's lymphoma (NHL), encompassing 30-40% of the estimated 70,000 cases of NHL in 2014 in USA [1] . Although DLBCL is potentially curable, 30-40% of patients eventually relapse or are primarily refractory and fail to achieve complete remission (CR). Nearly 19,000 affected subjects are projected to die of DLBCL in 2014. As consequence of this incidence, even slight improvement in the outcomes of DLBCL patients has the potential for high impact on their survival, making the study of combination of novel drugs paramount. Historically, the combination regimen CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone) established itself as standard of care in a landmark randomized clinical trial in 1993 [2] . Later the "spinoff regimen" CHOP-derivative DA-EPOCH revealed increased efficacy particularly for high grade B-cell lymphoma by modifying the infusion regimen and by adding etoposide [3] . Finally, the addition of targeted therapy with the anti-CD20 monoclonal antibody rituximab has further improved the outcomes of patients with DLBCL [4] [5] [6] . Despite major improvements with immune-chemotherapy, the fraction of patients who still succumb to a refractory or relapsed disease remains high. This review will address whether the better understanding of the biology of DLBCL may define new therapeutic avenues that overcome the resistance of this disease to traditional immune-chemotherapy.
Heterogeneity of DLBCL
DLBCL revealed itself as a disease more heterogeneous than the 2008 WHO classification had initially defined [7] . In fact, recent studies have established that DLBCL is associated with various genetic alterations and high biologic diversity. This has been studied [8] . The cell of origin (COO) approach based on gene expression profiling (GEP) of DLBCL has defined molecularly the disease better than the morphology.
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The prognostic value of COO approach has been investigated and compared to the International Prognostic Index (IPI) in patients treated with anthracycline-based regimens and rituximab [9] . In fact based on retrospective analysis, patients with germinal center B (GCB) DLBCL type have a better prognosis of patients with activated B cell (ABC) type when treated with R-CHOP or R-DA-EPOCH [10, 11] , independently of the IPI. Therefore, patients who relapse or are refractory to initial therapy are more likely to belong to the ABC type. For the same reason, ABC type is expected to represent the majority of patients who have poorly responded to salvage chemotherapy like R-DHAP or R-ICE as shown prospectively in the CORAL study [12] . A recent retrospective study has shown that 30% of patients with DLBCL treated with second line therapy are truly nonresponders [13] . In this population immune-chemotherapy-based third line therapy yields a response rate (RR) of 20% with median overall survival (OS) of only 4 months [13] . Furthermore, patients who have relapsed after autologous stem cell transplant have median OS of 9 months [14] . In this group, patients who received novel agents (lenalidomide, non-rituximab monoclonal antibodies, tyrosine kinase inhibitors, and radioimmunotherapy) had a longer median OS of 11.3 months as compared to 6.6 months for patients treated with conventional cytotoxic chemotherapy [14] .
Relevance and Heterogeneity of the Constitutive NF-B Activation in DLBCL
The NF-B family of proteins is a group of transcription factors (RelA, RelB, c-Rel, NF-B1, and NF-B2) that are kept inactive by a group of inhibitory cytoplasmic proteins, the I B kinase complex [15, 16] . The molecular hallmark of the ABC-type of DLBCL is the constitutive pathogenic activation of the nuclear factor-B (NF-B) pathway to which several mechanisms converge to ultimately promote cell proliferation and protection from apoptosis [8] . Three proteins-CARD11, BCL10, and MALT1-form a signaling complex (CBM) leading to the activation of NF-B pathway following antigen stimulation of the B cell receptor (BCR) [17] . Furthermore, MYD88 encodes an adaptor protein that activates NF-B and JAK2/STAT3 signaling pathways through stimulation of the toll-like and interleukin receptors [18, 19] . The driver-nature of the mutations affecting all the mentioned genes leads to gain-of-function that promotes cell survival and prevents apoptosis [18] . A recent study has established that activating mutations involving at least one of the four genes involving the NF-B pathway (MYD88, CD79A/B, and CARD11) are present in 30-40% of 161 patients affected with DLBCL, independently from their COO phenotype [20] . These mutations are distributed with at least one mutation present in 39% of patients with the ABC, 23% with the GCB, and 23% in the indeterminate group of the COO phenotype [20] . Interestingly, patients harboring at least 1 mutation targeting one of the four genes of the NF-B pathway "mutated" as compared to patients in the ABC-DLBCL group without mutations "unmutated" had a 3-year overall survival (OS) of 66.7% versus 26.1%, respectively ( = 0.0337) [20] .
Although historically it has been recognized that NF-B pathway is engaged in ABC-type DLBCL through chronic active BCR signaling, a recent work has shown that the members of the NF-B transcription factors (NF-B1, NF-B2, RELA, RELB, and REL) are expressed in 88% of tissue derived from both ABC and GCB type of DLBCL [21] . In this study, the tissues from 188 patients with DLBCL were evaluated by immunohistochemistry (IHC) and validated in a subset with gene expression profiling. Furthermore, no significant differences regarding the expression of the different NF-B family of transcription factors were detected between the two COO subtypes. This suggests that upregulation of NF-B signaling pathway is of relevance not only in the ABC subtype, but also in the GCB counterpart [21] . Odqvist et al. made the case for NF-B pathway to be more broadly engaged in DLBCL than initially estimated and potentially responsible for the resistance to the traditional cytotoxic immunochemotherapy. This study also established that REL expression has a significant favorable clinical impact in patient treated with R-CHOP and identified a subgroup of patients with superior outcome (5-year OS of 73.7% versus 59.7% in REL-positive and REL-negative patients, resp.; = 0.0041) [21] . This finding may be relevant in defining prospectively patients with favorable versus unfavorable prognosis in response to frontline R-CHOP, based on the expression of the members of the NF-B family of transcription factors. To further support our hypothesis that has driven the current review, more work has been recently published favoring the role of NF-B pathway as mechanism of resistance. Gene expression profiling in tissue prospectively collected from 51 patients with DLBCL treated with immunochemotherapy has identified 31 genes whose expression changes were strongly associated with copy number aberrations or gains of chromosome 2p15 and 18q12.2 and unfavorable survival [22] . The 2p15 abnormality (amplification) that harbors the gene COMMD1 and expression of the COMMD1 protein by IHC were associated with inferior progression free survival (PFS) as compared to patients without the amplification ( = 0.010 and = 0.003, resp.) [22] . COMMD family of proteins plays a distinct and nonredundant role in NF-B signaling [23] . More recently, it has been shown that NR4A1 (Nur77) expression was significantly associated with poor survival in patients with aggressive large B-cell lymphoma [24] . In vitro overexpression of this putative tumor suppressor gene induced apoptosis in lymphoma cells [24] . Previous work had shown that NR4A1 (Nur77) blocks NF-B activation [25] . More interesting, NF-B signaling pathway is activated in EBV-positive DLBCL in both the elderly and nonelderly de novo DLBCL, and it seems to have an impact on the outcome of this patient population [26, 27] . Since MYD88 L265P mutation is a hallmark of lymphoma with lymphoplasmacytic features and activated NF-B signaling pathway, the higher frequency of MYD88 mutations in the ABC phenotype suggests that this subtype may derive from cells with those features. Furthermore, the presence of serum IgM-paraprotein is more frequently associated with lymphoma with lymphoplasmacytic features. It is tempting to speculate that DLBCL patients who present with immunoblastic features and associated serum monoclonal IgM may have a higher frequency of MYD88 mutations as a hallmark of a subtype of ABC phenotype. None of the patients with increased levels of IgM was harboring MYD88 mutation [28] . Although NF-B signaling pathway was not studied in those patients with associated monoclonal IgM, they responded to a combination of bortezomib and lenalidomide, active agents in patients with activated NF-B signaling pathway [28] . This study suggested that the presence of monoclonal IgM or elevated free heavy IgM chains was associated with favorable response to inhibitors of the NF-B signaling pathway independently from the presence of MYD88 mutation [29, 30] .
Pharmacological Attempts to Overcome the Constitutive NF-B Activation-Mediated Resistance with Novel Agents in DLBCL
The proteasome is an intracellular, multiunit-protease complex that regulates protein degradation and remodeling. Bortezomib, first-in-class drug approved for multiple myeloma and relapsed/refractory mantle zone lymphoma (MCL), binds to the -subunits of the core of the proteasome and inactivates NF-B by stabilization of the NF-B-inhibitor I B kinase complex [31] . Despite its inhibition of the NF-B pathway, single agent bortezomib has shown little clinical activity in patients with DLBCL [19] . The addition of bortezomib to R-CHOP in untreated patients with DLBCL resulted in overall response rate of 89% in one study and 86% in another [32, 33] . Although a study of bortezomib combined with EPOCH in patients with relapsed or refractory DLBCL showed overall modest activity, ABC type seemed to benefit dramatically more than CGB type (RR 83% versus 13%, < 0.01, and median OS 10.8 versus 3.4 months, = 0.003) [22] . The PYRAMID study is evaluating prospectively R-CHOP with and without bortezomib in untreated patients with DLBCL [34] . Previously, a phase I/II study of bortezomib with gemcitabine for relapsed or refractory DLBCL showed a very modest RR of 10% [35] . Ixazomib (formerly known as MLN9708) is a selective, orally bioavailable, secondgeneration proteasome inhibitor that has shorter proteasome dissociation half-life and improved pharmacokinetics, pharmacodynamics, and antitumor activity compared with bortezomib [36] . Furthermore, MLN9708 has a larger blood volume distribution at steady state and greater pharmacodynamics effects in tissue than bortezomib. Finally, MLN9708 showed activity in hematologic preclinical xenograft models and increased correlation between pharmacodynamics responses and improved antitumor activity [36] . To date, MLN9708 in its intravenous (IV) formulation has only been studied in a phase I dose escalation of once weekly in patients with relapsed or refractory follicular lymphoma (FL) and peripheral T-cell lymphoma (PTCL), but not in patients with DLBCL [37] .
DLBCL ABC subtype presents with recurrent oncogenic mutations activating both the B-cell receptor (BCR) and MYD88 pathways for driving the NF-B pathway and favoring cell survival [17] . MYD88 signaling pathway also induces IFN , detrimental to ABC-DLBCL survival. The complex IRF4/SPIB sits at the crossroad of the two pathways and promotes ABC-DLBCL survival with interaction with by IRF7, IFN , and trans-activation of CARD11 that results in increased NF-B signaling activity. NF-B factors transactivate IRF4 by a positive feedback oncogenic loop. Lenalidomide, an immunomodulatory drug (IMID), with activity in B-cell non-Hodgkin's lymphoma (NHL), targets this circuit by downregulating IRF4/SBIP, increasing toxic IFN secretion, and decreasing NF-B activity [17, 38] . In fact, lenalidomide as single agent has shown RR of 35% in 49 patients with relapsed/refractory aggressive NHL [39] . RR was 33% (17 patients) and 41% (45 patients) in two other studies of lenalidomide in combination with rituximab for the treatment of relapsed/refractory DLBCL [40, 41] .
The convenience of the availability of an oral agent like MLN9708, with better pharmacokinetic and pharmacodynamic profile than bortezomib, makes this second generation proteasome inhibitor a better candidate for studying it in combination with lenalidomide. The combination of two oral agents will make more convenient the use of MLN9708 and lenalidomide in a population of patient with rituximab resistance. The CORAL study has shown that patients with DLBCL exposed to rituximab as part of the initial therapy had inferior response to salvage therapy versus patients who did not receive rituximab (51% versus 83%, < 0.001), supporting the hypothesis that those patients may have acquired resistance to rituximab [12] . It has been shown that NF-B signaling pathway modulates the response to rituximab and chemosensitization of the NHL B-cell [42] . Finally, a recent article has shown that combined lenalidomide, low dose dexamethasone, and rituximab overcome the rituximab resistance in patients with indolent lymphoma and MCL [43] . In this context, an oral combination therapy targeting dysregulation of NF-B may be more effective in a population of DLBCL refractory to salvage immune-chemotherapy with R-DHAP, RICE, or similar cisplatin-Ifosfamide-etoposidebased regimens, particularly in view of the most recent data [44] . In fact, only 44% (64/145) of patients were able to be transplanted after crossing over RICE/R-DHAP as 3rd line of therapy [44] .
Certainly, the biology of relapsed/refractory DLBCL is complex and involves molecular abnormalities other than NF-B as mechanism of resistance to immune-chemotherapy that are not covered in this review [8] . We have shown that NF-B signaling pathway seems to be at an important crossroad where other pathways converge as "resistance-phenotype" in patients who fail frontline and salvage immunechemotherapy. In this context, lenalidomide and new generation proteasome inhibitors may represent a new platform in combination with new monoclonal antibody, BTK inhibitors, and other novel therapy agents in future studies [8, 45] .
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